In this report, we investigated the impact of external stimulus (ultrasound) and internal stimulus (pH) on peptide assembly and disassembly. Two short rationally designed peptides K3C6SPD and F20H differing in the presence of a single pH-sensitive histidine residue were studied as the model peptides. The assembly kinetics studies demonstrated that the substitution of phenylalanine in K3C6SPD with histidine (F20H) significantly slowed down the peptide assembly rate at all three tested pHs (pH 9.5, pH 7.4 and pH 5.0). At the same time, this F to H substitution led to the increased pH-responsive assembly kinetics.
Introduction
Peptide-based biomaterials, due to their biocompatibility, biodegradability and tuneable morphology/architecture, have been extensively investigated and well-oriented towards different applications. [1] [2] [3] [4] [5] For some applications, control of the assembly/disassembly behaviours of peptide assemblies is essential. For example, the biological application of peptidebased biomaterials as drug carriers requires appropriate responsiveness towards different stimuli for controlled drug release. [6] [7] [8] The strategies to enhance the stimuli-responsiveness have been broadly studied, and examples include the addition of stimuli-sensitive units (such as pH-sensitive histidine/ hydrazine or redox-sensitive disulphide-bond) into the peptide assemblies to achieve intracellular stimuli-triggered drug release. [6] [7] [8] External stimuli, such as light, ultrasound etc., have also been explored to control drug release. 9,10 However, these internal and external strategies have usually been applied separately to the stimuli-responsive systems, which may limit their roles. Therefore, in this fundamental work, we aim to study the combination effect of internal and external stimuli, in order to explore a simple strategy to enhance the stimuliresponsiveness of peptide self-assemblies.
Among different internal and external stimuli, we chose the well-established pH-trigger and ultrasound as the model representatives and investigated their combination effect on peptide assembly/disassembly behaviours. Trigger by pH is one of the well-explored internal stimuli, especially in the drug delivery eld. 11, 12 For the intracellular delivery of therapeutics, upon endocytosis, cargoes and carriers usually experience a pH drop during intracellular trafficking, from neutral ($pH 7.4) extracellular environment to slightly acidic ($pH 6.5) in early endosome, then more acidic ($pH 5.5) late endosome and nally lysosome ($pH 4.5). 13 By incorporation of pH-sensitive units into the assembled structures, acid-induced structure alteration may occur during this process, leading to the successful intracellular delivery through pH-triggered endosomal escape or cargo release. 11, 14 Ultrasound is one of the noninvasive external stimuli, which is able to enhance/disrupt or re-congure the peptide self-assemblies through adjustable mechanical perturbation. For example, short brils of 20-100 nm could be generated through ultra-sonication of mature brils, 15 which is a routine method to make self-assembly seeds. On the other hand, ultrasound has also been found to accelerate the assembly of different peptides. [16] [17] [18] [19] These studies demonstrate that the ultrasound may initiate nucleation through intermolecular interaction by either breaking down the intramolecular bonds or energizing the self-assembling peptide (SAP) into a metastable region. Besides inuencing the peptide assembly kinetics, ultrasound could transform the morphology from nanobrils to spherical aggregates, which was observed in the dipeptide Fmoc-YL assemblies. 20 Therefore, both wellknown stimuli (pH-trigger and ultrasound) will be studied together in this study to evaluate the combination effect of different stimuli. While ultrasound can generate both thermal and mechanical effects, we intend to explore the mechanical effects, which are maximized at low frequency ultrasound. 21 
Materials and methods

Reagents and chemicals
The rink amide resin and all the Fmoc-protected natural amino acids for peptide synthesis were supplied by GL Biochem (Shanghai, China). Fmoc-Hexacid-OH was purchased from Hanghong (China). Other chemicals (including those mentioned in the later sections) were purchased from Sigma-Aldrich unless otherwise specied.
Peptide synthesis and purication
The peptide K3C6SPD and F20H were synthesized in our laboratory on microwave-assisted solid-phase peptide synthesizer (Biotage, Sweden) based on Fmoc-synthesis chemistry. The dry resin was treated with cocktail 1 (TFA : thioanisol : anisol 90 : 5 : 5) or cocktail 2 (TFA : TES: 95 : 5) for 1-2 h for the peptide cleavage. The ltrate was titrated into cold ether to produce the white peptide precipitate. The precipitate was washed with cold ether twice and collected through centrifugation and air-dried in the fume hood.
The dry peptide pellet was dissolved in water/acetonitrile through sonication. Aer centrifugation, the supernatant was collected in a separate tube for HPLC purication. The peptides were puried by reverse-phase HPLC (Waters 1525 Binary HPLC pump and Waters 2487 Dual l Absorbance Detector) using the Vydac protein & peptide C18 preparative column, 250 Â 22 mm, 10-15 mm (218TP™ C18 Column. W. R. Grace & Co.). The mobile phase gradient is 2% min À1 and ow rate is 10 mL min À1 . Aer acetonitrile was evaporated on rotavap, the peptide aqueous solution was frozen-dried on the freeze-drier to yield white peptide powder, which was stored in À20 C for future usage. The peptide identity was conrmed by MALDI-TOF-mass (BRUKER ultraectreme) analysis.
Peptide self-assembly and disassembly
To eliminate the preformed peptide seeds during the purication, concentration and drying process, the peptide powder was pre-treated with HFIP (1,1,1,3,3,3-hexauoro-2-propanol) on ice for 1 h, followed by the evaporation of HFIP in the fume hood to generate peptide lm. For peptide self-assembly, the treated peptide lm was dissolved in ddH 2 O and the pH was adjusted with buffer of different pHs (acidic acetate buffer of pH 5.0, neutral HEPES buffer of pH 7.4 and CHES basic buffer of pH 9.5).
The nanobril disassembly was carried out by the pH adjustment of the mature peptide nanobrils from pH 9.5 to pH 5.0 with the addition of 1 M HCl. The mature peptide assemblies was prepared under basic pH (pH 9.5) and incubated at room temperature for two weeks. The pH adjustment was preformed by the addition of 1 M HCl and the sample pH was measured with micro pH probe (Orion™ 9810BN Micro pH Electrode. Thermo Fisher Scientic Inc.), connected to a pH meter (Orion Star™ A111 pH Benchtop Meter, Thermo Fisher Scientic Inc.).
Peptide assembly/disassembly kinetics by ANS uorescence assay
The peptide assembly and disassembly kinetics was monitored by ANS assay (8-anilinonaphthalene-1-sulfonic acid). The ANS stock (250 mM) was prepared and added into peptide solution with nal ANS concentration of 25 mM. Aer 10 min incubation in the dark, the peptide/ANS solution was added into a black 96well plate, followed by the uorescence measurements on the plate reader (Varioskan LUX Multimode Microplate Reader, Thermo Fisher Scientic Inc.) with Ex ¼ 350 nm. The maximal emission peak value was plotted versus the different time points, leading to the peptide assembly kinetic curve.
Atomic force microscope (AFM)
At the pre-designated time point, the AFM samples were prepared by deposition of diluted peptide solutions (3-fold dilution) on freshly cleaned mica. Aer 5 minute incubation, the excess solution was wicked off with lter paper. Aer that, the mica was stored in a desiccator overnight before AFM characterization (Nanoscope-MultiMode/Dimension, Digital Instruments).
Attenuated total reection-Fourier transform infrared spectroscopy (ATR-FTIR)
Peptide secondary structure was characterized using FTIR (Bruker Vertex-70 spectrometer, USA), connected to an ATR accessory with diamond crystal (GladiATR Vision™, PIKE Technologies). The samples were scanned with an average of 32 scans in the range of 4000-400 cm À1 with 4 cm À1 resolution. 20 mL of the peptide solution was added on the diamond crystal and dried with air purge until a lm was formed.
Ultrasound experiment
To investigate the ultrasound effect on the peptide assembly, the peptide was dissolved into aqueous phase, followed by applying it on the top surface of the ultrasound transducer AptFlex F28 (Precision Acoustics, United Kingdom). To study the ultrasound effect on the peptide disassembly, aer the pH of the preformed mature peptide nanobril solution at pH 9.5 was adjusted to pH 5.0, the peptide nanobril solution was applied on the top surface of the ultrasound transducer. Ultrasound at a frequency of 40 kHz with a spatial average temporal average intensity (I SATA ) of 2.1 W cm À2 was applied to either peptide or peptide nanobril solution for 5 min. Temperature change was negligible as conrmed by thermocouple measurement. Aer 5 min, the samples were collected back into the Eppendorf tubes, followed by the incubation at room temperature for the kinetics study or the structure characterization. The control experiments were performed by applying the samples on the ultrasound transducer and incubated for 5 min without ultrasonication.
Results and discussion
Impact of histidine substitution on peptide assembly
In our previous study, we have studied a short model peptide K3C6SPD, which could self-assemble into typical nanobrils with antiparallel b-sheet structure at neutral pH in an aqueous solution. 22 The central b-sheet region (LVFFA) of K3C6SPD is derived from amyloid b-peptide, and two phenylalanine (F) residues are critical to the peptide assembly. [23] [24] [25] Therefore, by the substitution of F20 with histidine (called F20H) ( Fig. 1) , we extended our previous study and have investigated the separate and combined effect of pH and ultrasound on the assembly and disassembly behaviours of K3C6SPD and F20H.
We rstly studied the pH-dependent self-assembly behaviour of both peptides without ultrasound treatment on three aspects, including (1) assembly kinetics (pH 5.0, pH 7.4 and pH 9.5); (2) assembly morphologies; and (3) peptide secondary structure within mature assemblies. We monitored the peptide assembly kinetics and assessed the peptide self-assembly propensity with ANS (8-anilinonaphthalene-1-sulfonic acid) assay. 26 ANS is one of the popular probes for hydrophobicity. The binding of ANS in hydrophobic pockets induces signicant increase in uorescence intensity. The magnitude of ANS uorescence intensity indicates the degree of the assembly. By following the ANS orescence intensity change along the peptide incubation process, the peptide assembly kinetics was tracked. Using this assay, we found that the assembly of K3C6SPD under all threetested pHs reached the equilibrium immediately within a similar time frame, but their assembly propensity was slightly pH-dependent ( Fig. 2) . ANS uorescence intensity of the K3C6SPD assemblies at neutral and acidic pHs was $25% and 50% magnitude lower than that of nanobrils assembled at basic pH, respectively. This difference may be originated from the N-terminal free amine (pK a $ 8.9), the lysine side-chain amines (pK a $ 10.3), and the C-terminal glutamic acid side chain carboxylic acid group (pK a $ 4.3).
Relative to the fast K3C6SPD assembly, the single histidine substitution of F20 (F20H) signicantly slowed down the peptide assembly kinetics at all three tested pHs. F20H assembly at pH 9.5 reached the plateau in 10 days, instead of minutes for K3C6SPD (Fig. 2) . The F20H assembly kinetic curve followed a typical sigmoid model: 1 day nucleation lag-phase, followed by 2 day propagation phase before attaining equilibrium in about 10 days (Fig. 2) . The neutral pH (pH 7.4) further slowed down and suppressed the assembly process and the acidic pH (pH 5.0) completely prevented F20H from assembling (inset in Fig. 2 ). The single histidine substitution also decreases the peptide assembly propensity. The maximal ANS uorescence intensity of F20H at basic, neutral and acidic pHs was about 11%, 1% and <1% of that of ANS in the K3C6SPD assemblies at the corresponding pHs, respectively. This remarkable decrease of the assembly kinetics and assembly propensity indicates the signicant role of histidine substitution at F20 position (Fig. 2) .
We next characterized the pH-dependent assembly morphology and the peptide secondary structure with atomic force microscope (AFM) and attenuated total reection Fourier transform infrared spectroscopy (ATR-FTIR), respectively. The AFM images in Fig. 3A show that K3C6SPD assembled into thin nanobrils under acidic and neutral pHs. While at basic pH, K3C6SPD formed big bundles (Fig. 3A) . Though the K3C6SPD nanobrils displayed different dimensions, they were composed of the same antiparallel b-sheets, as indicated by the same amide I band of 1623 cm À1 and the shoulder band of 1693 cm À1 in their FTIR spectra (Fig. 3B ). The data above indicate that K3C6SPD displays slight pH-sensitivity, which moderately inuences the peptide assembly kinetics and propensity.
Consistent with lower assembly propensity detected by ANS assay, F20H assemblies at acidic and neutral pHs revealed no obvious species, as shown in AFM images (Fig. 3A) . At basic pH, F20H assembled into short proto-laments with clear branches at early stage, which further matured into long nanobrils (Fig. 3A) . The peptide secondary structure dened by ATR-FTIR spectra is consistent with the morphologies. The acidic and neutral samples displayed random coil signal with the amide I band of 1645 cm À1 (Fig. 3B ). While the F20H nanobrils formed at basic pH showed the amide I band of 1623 cm À1 , suggesting the b-sheets secondary structure. The dramatic decrease of the assembly kinetics and the assembly propensity indicates that Therefore, K3C6SPD and F20H, differing by a single residue in the sequence and yet varying dramatically in the assembly behaviours, provide an ideal model system for us to further study the impact of ultrasound on the assembly and disassembly processes. Since F20H formed negligible species under neutral and acidic pHs, we mainly focused on the ultrasound effect on the assembly process at basic pH and disassembly process upon the pH adjustment from the basic to acidic pH. Ultrasound effects on peptide assembly systems were reported previously. The non-thermal effect of ultrasound at low frequency (80-120 kHz) was able to transform the morphologies (brils vs. spheres) by changing the thermodynamic state. 20 Ultrasound at 43 kHz or 1.1 mHz (both at 300 mW cm À2 ) disrupted the ordered assembly of the coating of pHEMA (poly(hydroxylethyl(methacrylate))) hydrogel. 27 This study indicates that ultrasound of low frequency can generate obvious effect on peptide assemblies.
Impact of ultrasound on peptide assembly and disassembly
In this work, we chose the ultrasound with frequency of 40 kHz and the average intensity of 2.1 W cm À2 and to mainly study its mechanical impact on the peptide assembly/disassembly kinetics and the assembled morphologies. The assembly kinetic curve in Fig. 4 showed that K3C6SPD assemblies being treated with 5 min ultrasonication reached the plateau immediately (Fig. 4A) , similar as that of the non-ultrasonicated sample. The impact of ultrasound on K3C6SPD assembly kinetics was masked by the fast assembly process of K3C6SPD under basic pH. While ultrasound did enhance the assembly propensity, supporting by the increase of the maximal ANS uorescence intensity with the magnitude of $20% (Fig. 4) . The impact of ultrasound on the assembly morphology was studied with AFM. The AFM images of the K3C6SPD assemblies at early time point (3 h of incubation) displayed dense short welldispersed brils, which is different from the bundled big nanobrils observed in non-ultrasonicated samples (Fig. 5A ). Since K3C6SPD has strong assembly propensity, it immediately assembles into large aggregates. The ultrasonication may just break down the large K3C6SPD bundles into small brils, which provides more accessible surface and promotes more assemblies. Ultrasound affects the peptide-assembled morphology, but does not alter the peptide b-sheet secondary structure. The FTIR spectra (Fig. 5B ) of both K3C6SPD nanobril samples show the same amide I band of 1625 cm À1 , independent of ultrasonication.
Relative to the fast assembly kinetics of K3C6SPD with or without ultrasonication, the slower assembly process of F20H under basic pH highlights several key impacts of ultrasound on the peptide assembly. Firstly, ultrasound enhances F20H assembly kinetics. The assembly kinetic curve in Fig. 4 shows that ultrasonication of the F20H sample immediately drove the propagation phase by skipping the 1 day lag phase and let the assembly reach the plateau in 2 days, instead of 10 days in the absence of ultrasound. During this process, ultrasound may dissociate intra-molecular interaction and facilitate inter- Fig. 4 Ultrasound impact on the assembly kinetics and morphology. The assembly kinetics of K3C6SPD and F20H at basic condition with or without ultrasound treatment was monitored by following the ANS (25 mM, Ex ¼ 350 nm) maximal fluorescence emission with time. Fig. 5 (A) AFM images of K3C6SPD and F20H assemblies at pH 9.5 with or without ultrasonication. 5 min ultrasonication was applied to the samples at beginning of the assembling process. The samples were incubated at room temperature for 30 min before AFM sample preparation (scale bar ¼ 1 mm). (B) FTIR spectra of K3C6SPD and F20H assemblies at pH 9.5 with or without ultrasonication. The b-sheet signature bands of 1625 m À1 and 1629 cm À1 were labelled. molecular interaction, thus promoting the nucleation process and fastening the assembly process. 16, 19 Besides assembly kinetics, ultrasound also increases the assembly propensity of F20H assemblies. The ANS orescence intensity of ultrasonicated F20H sample was increased by a magnitude of $50% (Fig. 4 ). In addition, ultrasound also facilitates thin F20H laments to align together into thick nanobrils. The AFM images of ultrasonicated F20H sample at early time point (3 h incubation) displayed the co-existence of thin laments and thick nanobrils, instead of the merely thin laments in the absence of ultrasound (Fig. 5A ). This implies that ultrasound may facilitate the alignment of F20H laments, driving the assembly equilibrium towards nanobrils, which then leads to higher ANS uorescence emission intensity. Ultrasonication of the peptide samples at the beginning of the assembly accelerates and enhances the peptide assembly process. Ultrasound only changes the F20H assembled morphology, but does not alter the peptide b-sheet secondary structure. The same amide I band of 1629 cm À1 was observed for both samples with or without ultrasound treatment (Fig. 5B) , similar to the observation made for K3C6SPD nanobrils (Fig. 5B) .
Ultrasound did induce obvious impact on the peptide assembly process, and we continued to study its impact on the disassembly process of the pH-sensitive F20H nanobrils upon pH adjustment (from pH 9.5 to pH 5.0). F20H nanobrils were preformed and matured at pH 9.5 for around 2 weeks, followed by the pH adjustment into acidic solution (pH 5.0) with 1 M HCl. Disassembly kinetics was monitored with ANS assay. Fig. 6A shows that non-ultrasonicated F20H nanobrils experienced two disassembly stages upon pH adjustment from pH 9.5 to pH 5.0. Specically, ANS uorescence intensity decreased by 10% within 6 hours, followed by 2 day to reach the equilibrium. Then another ANS uorescence intensity decrease ($55%) was observed from day 2 to day 5 before the plateau. Five-min ultrasonication of F20H nanobrils, upon pH adjustment to pH 5.0 resulted in an immediate decrease of the ANS uorescence emission intensity by 60% within 6 hours, followed by gradual equilibration in two days. This observation strongly supports that ultrasound accelerates peptide nanobril disassembly. Once the disassembling process reached the equilibrium, no obvious b-sheet signal could be detected, as shown in the FTIR spectra of F20H disassembled samples at pH 5.0 (Fig. 6B ). This suggests that F20H assembly is strongly pHdependent. To understand the morphology change during this disassembly process, we imaged samples aer 30 min of incubation at pH 5.0 with or without ultrasonication. AFM images in Fig. 6C show that without ultrasonication, majority of the nanobrils maintained the bundles while a small population dissociated into thin laments. With 5 min ultrasonication, only few thin laments were observed, suggesting that ultrasound promoted the big nanobril bundles to disassemble. The AFM images and the kinetics data both imply that ultrasound increases the pH-responsiveness of the pH-sensitive peptide self-assemblies.
Conclusion
In conclusion, we have systematically investigated the impacts of pH (via single histidine substitution) and ultrasound (5 min of 40 kHz ultrasonication) on the peptide assembly/disassembly process and made several new discoveries. (1) The single histidine substitution at F20 position dramatically slows down the assembly kinetics and decreases the peptide assembly propensity, but the response toward pH-triggered disassembly is slow (5 days). (2) Short ultrasound treatment of the pH-insensitive K3C6SPD sample results in negligible enhancement of peptide assembly and nanobril disassembly. (3) The combination of pH-trigger and ultrasonication drastically accelerates the peptide nanobril disassembly and enhances the stimuliresponsiveness of the peptide assemblies. Therefore, this study provides a simple but efficient strategy to regulate the stimuli-responsiveness of nanomaterials and these discoveries present valuable references for the combination of different internal and external stimuli towards designing smarter selfassembly systems.
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